This work deals with the examination of artwork by photothermal radiometry. It was initiated at the time of the restoration of a florentine XIV century mural painting, the Saint Christopher of the Louvre Museum.
Introduction
Delamination and air voids in renders are among the main sources of deterioration of mural paintings. Those decays are particularly dangerous because they are almost non visible (underlying), but they can induce falls of parts of the artistic composition depending on their nature and the affected surface.
The traditional technique used by the restorers to localize delaminated areas is acoustic sounding. It consists in a systematic slight knocking of the painted surface with one hand, when the other hand stays in contact with the surface. The vibration induced by the knocking is then perceived both by hear and touch and allows an experienced restorer to determine the extent of the decay on the basis of an empirical evaluation of the propagation of the vibration.
This technique which is qualitative is very simple and does not necessitate any specific equipment, but the results are not very precise and their quality depends a lot on the skills of the restorer. For example, the thickness or the depth of an air void cannot be detected when they represent valuable information for the restorer to evaluate the real state of decay of the mural painting and as a consequence is a key point for the choice of a suitable restoration technique.
Moreover, a contact with the mural painting, more or less long and powerful, is needed. This action can be hazardous if the painting is powdering or weakened by scaling (as it was the case for the "Saint Christopher" of the Campana collection of the Louvre museum, before its restoration); or if the render is too thin (it then can collapse if the knocking is too powerful).
Finally, when the surfaces painted are wide, this operation can be long and laborious. [1] [2] . As infrared photothermal thermography has been successfully tested to localize and characterize decays such as delamination or cracking in several materials , it seemed interesting to evaluate its possible application in the field of historical monuments restoration, and in the specific case of mural paintings as a complementary method of the empirical acoustic technique. Infrared photothermal thermography is a non-contact and quantitative technique which allows rapid large surface examinations. In this study, we evaluated the performances of the technique in terms of precise localization and cartography of decays of the internal structure of mural paintings, invisible to the naked eye. The tests were focused on the detection of renders detachment and air voids situated in the underlying layers of the render, which are decays often generating weakened areas necessitating later consolidation. At first the tests were performed on a fresco replica, and then the technique was applied to the real "Saint-Christopher" wall painting which had at the same been time traditionally knocked.
Our presentation is divided into three parts: Initially we present the experimental device used for the study. Then we have the results obtained on a partial counterpart with defects, of the Saint Christopher.
Finally we have the results obtained on the Saint Christopher.
The experimental device used for the study
Generally, the device used for photothermal radiometry is always made of a system of three principal elements: an excitation source which transmits heat to the examined object, tools of detection and visualization of the thermal signal obtained and a tool of data filing and processing.
In our study, as source of excitation, we implemented various devices (we did not know a priori the thermal behavior of the Saint Christopher) : A visible halogen lamp, an infra-red lamp and a hair dryer. The first two excitation sources allowed to cover two spectral excitation bands. The third excitation source enabled us to be free from the optical problems of energy absorption.
As tools for detection, we used two cameras of thermography. The first one is a AGA Thermovision 780 camera, available at the LRMH and transportable for the in situ examination of paintings. This camera was used for the examination of the Saint Christopher. The second one, more recent, is a JADE 2 camera, lent by the Ecole Nationale des Arts et Métiers of Châlons en Champagne (school specialized in mechanical and industrial engineering), was only available in their research laboratory . It has the advantage of being state-of-the-art technology and entirely controlled by computer (in preprocessing and postprocessing). It presents the drawback of not being mobile (problems of insurances) and thus usable for the analysis of the fresco itself (laid out for restoration at the National Institute of the heritage located at Saint Denis la Plaine).
Analysis of the counterpart of the fresco
Before analyzing the Saint Christopher, photothermal method and experimental protocol were at first tested on a partial replica of the fresco. This replica is presented on figure 1. It was made of a mixture of lime and sand. Four defects were introduced in the replica (air voids, figure 2). They are at the four corners of the replica. The first defect is on the top left corner, it is 3 mm deep and its thickness is 3mm. The defect on the top right corner is 5 mm deep and between 3 mm and 10 mm thick. The defect on the bottom left corner is 3 mm deep and 5mm thick, and the last defect on the bottom right corner is 5 mm thick and varied between 3 mm and 10 mm in depth. The front face of the fresco was painted according to the technique of primitive Italian and reproducing the infant Jesus.
Fig.1. : the studied replica

Fig. 2. : localization of defects in the replica
The type of excitation used for the study of the replica is a Heavyside of 120 seconds' duration. The exiting source used is an infra-red lamp of 250 W (it gave the best results among the three types of excitation considered). The camera used for the study was the JADE 2. The acquisition frequency was 25 frames per second. The time of observation was 300 seconds. The results obtained are presented on figures 3 to 6. Figure 3 represents the photothermal image obtained before excitation. No defect is visible at this stage of the study. Figure 4 represents the photothermal image obtained two seconds after the end of the phase of excitation. It reveals clearly defects which are near the surface. Finally the thermal signature of the four defects are visible on figures 5 and 6 were obtained at 120 and 190 seconds after the end of the excitation. 
Fig. 3. : photothermal Image of replica before photothermal analysis
Fig. 4. :Photothermal Image of replica 2 seconds after the end of excitation
Analysis of the Saint Christopher
Tests performed on the replica were satisfactory, so we decided to study the Saint Christopher, a fresco of the fourteenth century. This fresco presented on figure 7, represents Saint Christopher carrying the infant Jesus. This work is attributed to Tommaso del Mazza and was created between 1385 and 1390. Its dimensions are a 85.8 cm high and 74 cm wide. It forms part of the Campana collection of the Louvre museum [24] .
Fig. 7. : The studied fresco
For the study of this artwork, we used an experimental device composed of two halogens lamps of 800 Watts. These lamps provide a heating more homogeneous on the analyzed area than the infrared lamps. The detection was performed by the Thermovision camera of LRMH. Sources and camera were placed at a distance of 1.50 meters from the fresco (figures 8 , 9 ). The time of heating was 6 minutes. Finally, the fresco was analyzed area by area to obtain a higher optic resolution for each picture.
Fig. 8. : Non destructive testing of the Saint Christopher by infrared thermography :
The experimental device
Fig. 9. : Analyzing the Saint Christopher
Some results obtained are presented on figures 10 to 13. On figure 11 , the area analyzed was the surrounding hand of the Saint Christopher . This figure reveals a dark spot, near the right hand of the Saint Christopher during the cooling phase of the analysis. This spot almost appeared one minute after the extinction of the lamps. It continued to darken up to 2 minutes 30 seconds after the beginning of the cooling process. After 4 minutes, its signal started to grow blurred. This signature seems to indicate that this air pocket is rather deep (with our different analyses, we estimate it to be roughly to 6-10 mm in depth and 5 to 10 mm thick). To confirm this result, we realized an acoustic sounding of the hand ( figure 14) . Sonority recorded is quite characteristic of an important air void, which confirms the results obtained by photothermal radiometry. On figures 12 and 13 it is the area surrounding the right shoulder of the Saint Christopher which is analyzed. The defect detected by thermography was also detected by acoustic sounding. On figures 15 and 16, we have compared results obtained by photothermal radiometry (with a heating period reduced to 2 minutes) with results obtained by acoustic sounding ( figure 14) . It was realized on the whole fresco.
On the one hand, we notice that the characteristic signatures of visible defects by photothermal radiometry correspond to areas of detachment detected with the acoustic sounding method.
In addition, we notice, with our experimental parameters, we detect fewer air voids by photothermal radiometry than acoustic sounding.
Experimentally, defects detected at the same time by photothermal radiometry had the same sonority by acoustic sounding. It confirms they should be located at the same depth. A dimensional characterization of the defects seems to be possible with the photothermal analysis, which is more difficult by acoustic method.
Finally, the data acquisition is much faster by photothermal radiometry than by acoustic sounding. 
Conclusion
In this work, we studied the possibilities of photothermal radiometry concerning detection of defects in works of art (the Saint Christopher).
First, tests were performed on a partial replica of the fresco that contains four defects with different geometric dimensions and located at different depths. They were detected by photothermal radiometry, the closer the defect from the surface, the earlier it was detected.
Then, we studied the Saint Christopher. The results obtained confirm the possibility of detecting air voids in the internal structure of the work of art. The method is faster, less intrusive and more objective than acoustic sounding. In addition, the photothermal method seems capable of giving in depth information of the defect location. Lastly, under our experimental condition, the photothermal method seems to allow detection of a smaller number of defects than the traditional acoustic method.
These different results show that photothermal radiometry and the traditional acoustic sounding are complementary methods to analyze frescoes. They also show it would be interesting to optimize the experimental conditions of the photothermal method (random analysis, inverse problems,… [19, 22, 23] ), to define their real limits. Plus they still show that complementary studies should be undertaken to lead to measurements of depth of defects. They finally show that photothermic radiometry can be used successfully to help with the restoration of works of art.
